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Flammability Process and Flame Retardance
Fundamentally, four processes are involved in polymer flammability ( Fig. 1): (1) preheating, (2) decomposition, (3) ignition, and (4) combustion and propagation.
Preheating involves heating of the material by means of an external source which raises the temperature of the material at a rate dependent upon the thermal intensity of the ignition source, thermal conductivity of the material, specific heat of the material, and latent healt of fusion and vaporization of the material.
When sufficiently heated, the material begins to degrade, i.e., it loses its original properties as the weakest bonds begin to break. Gaseous combustion products may be formed with the rate dependent upon such factors as intensity of external heat, temperature required for decomposition, and rate of decomposition.
Flammable gases increase until a concentration is reached that allows sustained oxidation in the presence of the ignition source. The ignition characteristics of the gas and the avail- Figure 2 illustrates how flame retardancy may be improved in the heating stage (1) .
Flame retardancy is improved by flame retardants that cause the formation of a surface film of low thermal conductivity and/or high reflectivity that reduces the rate of heating (A). It is also improved by flame retardants that might serve as a heat sink by being preferentially decomposed at a low temperature (B). And finally, it is improved by flame retardant coatings that upon exposure to heat may intumesce into a foamed surface layer with low thermal conductivity properties (C). Figure 3 illustrates how flame retardancy is improved in the decomposition stage (1) . A flame retardant can promote transformation of a plastic into char and thus limit production of combustible carbon-containing gases (A). Simultaneously, the char will decrease thermal conductivity of the surface. Flame retardants can also chemically alter the decomposition products, resulting in a lower concentration of combustible gases (B). Reduced fuel will thus result in less heat generation by the flame and may lead to self-extinguishment.
Structural modification of the plastic, or use of a flame retardant additive, might induce decomposition or melting upon exposure to a heat source so that the material shrinks or drips away from the heat source (C). And finally, through selection of chemically stable structural components or structural modifications of a polymer, it is also possible to significantly retard the decomposition process (D). Figure 4 illustrates flame retardancy in the ignition stage (1) . In general, anything that will prevent the formation of a combustible mixture of gases will prevent ignition. In this sense, all of the previously mentioned approaches are Environmental Health Perspectives pertinent. However, we may also distinguish those cases in which the flame retardant or the modified polymer unit upon exposure to a heat source will form gas mixtures that will react chemically in the gas phase to inhibit ignition.
The goal of flame retardance in the combustion and propagation stage is simply to decrease the rate of heat generated or radiated Jack to the substrate. Any or all of the abowe discussed mechanisms could function to prevent a self-sustaining flame.
Practical Methods of Flame Retardation
Flame retardation is achieved in the follow- THPC-NaOH-NaCl (2, 3) . Table 2 lists the more popular flame retardants used in textile finishes (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Typically, the finishing formations include one or more of such other components: urea, a triazine resin, methylol melamine, ammonia, or a halogenated alkyl phosphate. Flame retardant coatings are of two types: those that are merely flame-resistant and those that are also intumescent. When heat is applied to such a coating, combustion produces a residue which is puffed up by the escaping gases and the resulting cellular material (foam) may actually insulate and protect a flammable substrate. Table 3 illustrates examples of both types (14) (15) (16) (17) (18) (19) (20) (21) (22) . Table 4 illustrates some of the more commonly used flame retardants as monomers in copolymerization or grafting (23) (24) (25) (26) (27) . Table 5 illustrates some examples of such polymeric structures (33) . These are the current space-age products in research or development stages. However, as a result of the research efforts of private industry and the various government agencies, a new class of high temperature resistant polymers is available commercially as textiles and/or films. For example, Table 6 lists such names as Nomex, Kynol, and PBI (polybenzimidazole), which are associated with this class of materials. These are all materials containing high aromatic ring content and intrinsically improved flame retardance properties. They are presently expensive and will receive more importance as government-regulated markets require their use during the next decade.
Typical Flame-Retarded Polymers
Because of the enormous amount of literature available on flame retardants and flame retarded polymers, only the most recent literature will be reviewed here. For example, in a recent book (34) more than 420 flame retardants were identified by their chemical structure
It is important to briefly review the major resin types and the quantities manufactured in the United States during 1973 (Table 7 ) (36) . Polyethylene, polystyrene and styrene copolymers, poly(vinyl chloride) and copolymers, polypropylene, phenolics, urethane foam, polyesters, urea, and melamine constitute about 899 of all the resins manufactured, and the quantity produced of each of these is more than a billion pounds per year. Table 8 illustrates the pattern of consumption for these top eight resins (36) . The pattern of consumption reveals that each type of resin is used in markets that require improved flame retardant properties. Table 9 illustrates typical flame retardants used in commercial plastics (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) . Since polyethylene and polypropylene usually respond similarly to the same flame retardants, they are considered together. The most effective and and commonly used flame retardants for these polyolefins are combinations of antimony oxide and halo-organic compounds (54) (55) (56) (57) . Phosphorus-halogen flame retardant systems have been also increasingly found to be satisfactory for polyolefins (38, 58) . Effective flame retardant combinations for polystyrene and its copolymers are: halogen-containing compounds with or without antimony oxide, and halogen and phosphorus combinations with or without antimony oxide. Poly(vinyl chloride) and its copolymers contain an appreciable amount of halogen (56.8% in PVC). Thus, incorporation of antimony oxide gives an effective flameretardant composition (42, 59 ). Other very effective retardants are phosphorus-based systems which are used to balance off phthalate plasticizer effects (44) . Phenolics are not especially flammable, mainly because of their high aromatic content. However, in some applications improvement in flame resistance is sought. Phosphorus and nitrogen compounds have been reported effective in improving flame resistance of phenolics (45) . The use of chlorinated compounds (for example, chlorinated phenols) (60) as well as halogen-and phosphorus-containing compounds has been patented (46) . The majority of polyurethane flame retardants are based on phosphorus. These may include phosphates and halogenated phosphates (61) as well as ammonium polyphosphate (47) . Although halo-gen and phosphorus compounds are used for polyesters individually, the combination of both is claimed to be more effective than either compound alone (50, 62) . Combinations of halogen compounds with antimony oxide are also important (51) . The urea and melamine resins-apparently because of the high nitrogen content-are self-extinguishing. If these resins are cured in the presence of phosphoric acid, additional flame resistance is imparted (52) . Tris(2, 3-dibromopropyl) phosphate has been also found to be an effective flame retardant for urea and melamine resins (53) .
In summary, the commerically used flame retardants for the top eight classes of plastics are generally limited to the following types of compounds: halogen; phosphorus; antimony oxide; halogen + antimony oxide; halogen + phosphorus; phosphorus + nitrogen. Literature data (36). Flame Retardant Growth in Plastics Table 12 illustrates the increasing utilization of flame retardants (more than 41%o growth between 1972 and 1973) in commercial plastics (64) . The items of special note in the nonreactive flame retardant areas are that there has been more than a 60%o increase in use of halogenated phosphate esters, and more than 80% increase in various other types of nonreactive flame retardants. Thus, the trend is towards phosphorus-halogen and numerous other specialized flame retardant systems. The overall reactive flame retardant growth was comparable to that of nonreactives, with the greatest increase occurring in the polycarbonate (80% ) and epoxy (58%S ) resin systems. These, however, are low volume resins.
Price Ranges of Common Flame Retardants Table 13 lists some common types of flame retardants with their corresponding pre-energyshortage price data (65) . The cost can range from a few cents a pound to many dollars a Poly(vinyl chloride) Sb4O6; P Phenoolics P+N; X; X+P Polyurethane foam P; P+X; P+N Polyesters X; P; X+P; X+Sb4O6 Urea and melamine P; X +P X = halogen-containing organic compounds; P =phos-phorus-containing compounds; P+X =phosphorus-and halogen-containing organic compounds; P +N = phosphorusand nitrogen-containing organic compounds; X +Sb4O6 = halogen-containing compound combined with antimony oxide; i = composition with or without the following component. (64) . pound for some flame and smoke retardants. The cost of the flame retardant may therefore rule out a plastic entirely from a certain application. On the other hand, a high concentration of low-cost flame retardant, such as hydrated alumina, may make the flame retarded formulation less expensive than the standard polymer formulation. Correspondingly, flame retardants with a price tag of less than 10¢/lb have captured about two-thirds of the total flame retardant market volume, and those with a price tag of more than 75¢/lb only a very small fraction (about 1%). It can be seen that the nondurable inorganic flame retardants constitute exclusively the lowest price (<iO¢/lb) group of additives. The reactive flame retardants or those that are of most interest in 
Conclusions
The involvement by government agencies, consumer groups, and industry in safety programs during the 1970's will continue. Interest in increasing the fire safety aspects of polymers will grow, leading to the use of a number of fire retardant chemical approaches. These chemical approaches will utilize large quantities of halogen, antimony, phosphorus, nitrogen, and other inorganic, and aliphatic and aromatic organic species which will be added as nonreacted or reacted components of the polymer structure.
